Introduction
============

In sixteenth century France, people liked listening to the fairy tale of the "*Trois frères et le petite maison*." In this story, in order to maintain and add to the splendor of their father's small house, three brothers had to compete for its inheritance by showing their skills as a barber, a blacksmith, and a swordsman. It was a difficult task since although all of them were excellent in one particular field; none of them could match their father's all-round skills and wisdom. So, it quickly became obvious that only upon combining their skills would their father's home attain its full splendor. Thus, the three brothers worked together happily in the small house until they grew old.

In analogy to "*le petite maison*," the thalamic complex is also a small but essential part of the brain that requires a combination of specialized activities to attain its final complexity. It is located at the top of the brainstem and can be subdivided into the anterior prethalamus and the posterior thalamus. The thalamic complex serves as the major relay station for sensory information in the brain, receiving nearly all sensory inputs and connecting them reciprocally with the overlying cortex. In contrast, the prethalamus sends hardly any axons to the cortex, but is defined by projections into the underlying thalamus. However, our knowledge about the development of the thalamic complex is still fragmented and here we will summarize the recent advances in the field.

During development, the brain becomes segmented along the anterior-posterior axis to ensure the formation of complex and functionally independent brain parts. The development of the thalamic complex serves as an example for the importance of this segmentation process. The thalamic complex in vertebrates is subdivided by a compartment boundary separating the prethalamus anteriorly from the thalamus posteriorly (Figures [1](#F1){ref-type="fig"}A--C). This transverse boundary between prethalamus and thalamus is called the *Zona Limitans Intrathalamica* (ZLI; Bergquist, [@B5]). According to the prosomeric model of Puelles and Rubinstein, the ZLI is the border between prosomere 2 (P2) and prosomere 3 (P3; Puelles and Rubenstein, [@B49], [@B50]).

![**Morphological comparison of embryonic brain regions in different vertebrate embryos**. **(A)** Zebrafish 36 hpf. **(B)** Chicken HH20. **(C)** Mouse 11.5 dpf (with courtesy of Salvador Martinez). In vertebrates the *zona limitans intrathalamica* (ZLI) forms as a morphological ridge between the prethalamus and the thalamus, whereas the *isthmus rhombencephali* (IST) marks the constriction between midbrain and hindbrain. Th, thalamus; PTh, prethalamus; HTh, Hypothalamus; Tel, Telencephalon; Teg, tegmentum; Tec, tectum; Cer, cerebellum; Mb, midbrain; DMB, diencephalic-mesencephalic boundary; Hi, hindbrain.](fnins-06-00076-g001){#F1}

Prominent morphological boundaries co-localize often with instructive cell populations -- "local organizers" that are required to pattern adjacent brain regions. The *isthmus* with the *midbrain-hindbrain boundary organizer* serves as a well-studied example for a compartment boundary with an organizer orchestrating the development of the adjacent tectum and cerebellum. It was suggested that the thalamus might similarly require instructive information from an organizer to orchestrate its patterning and maturation (Shimamura et al., [@B62]). A key feature of organizers is therefore their ability to influence nearby cell behavior in a non-cell autonomous manner through long-range signaling by secreted morphogens. Indeed, heterotopic transplantation of mid-diencephalic donor cells induces ectopic thalamic and prethalamic genes in surrounding host tissue (Garcia-Lopez et al., [@B13]; Vieira et al., [@B69]; Guinazu et al., [@B15]). At the ZLI we find a cell population, which expresses signaling members of the three protein families Wnt, Shh, and Fgf. These secreted proteins have been implicated in local organizing functions elsewhere in the brain. Also, cells within an organizer generally do not intermingle with those of adjacent regions. Such cell lineage restriction helps to stabilize the size and position of the organizer and ensures the production of a stable morphogen gradient from its source, which is imposed by the morphological characteristic of the ZLI. Cell lineage restriction has been shown to operate at the border of the ZLI (Zeltser et al., [@B76]; Garcia-Lopez et al., [@B13]). Thus, the cell population at the ZLI has all characteristics of a local organizer and is therefore termed *mid-diencephalic organizer* (MDO; also known as ZLI organizer).

In the following review we will describe the induction process of the MDO where three different signaling pathways merge: Wnt, Shh and Fgf (Scholpp and Lumsden, [@B58]) and we will dissect the function of each signaling pathway in the thalamus in chronological order of their appearance (Figure [2](#F2){ref-type="fig"}). We will therefore first describe the Wnt mediated induction of the MDO and compartition of the caudal forebrain, then the Shh mediated determination of proneural gene expression before discussing recent progress in characterizing Fgf function during thalamus development. We will then focus on transcription factors, which are regulated by these pathways and which play a pivotal role in neurogenesis in the thalamus. Like in the French tale, these three signaling factors act together in a strictly regulated chronology to orchestrate the development of the entire thalamus and none of them would be able to achieve such an elaborate structure on its own.

![**The mid-diencephalic organizer (MDO) is the source for members of three morphogen signaling families in the ZLI of the embryonic vertebrate brain**. Expression of Wnt signaling molecules \[**(A)**, green\] overlaps with Shh producing cells of the MDO \[**(B)**, red\], whereas expression of members of the Fgf family \[**(C)**, blue\] is located in the prethalamus and overlaps partially with the Wnt signaling source in the dorsal roof plate. Taken together, these three families of signaling molecules encircle the developing thalamus from dorsal (Wnt and Fgf), ventral (Shh) and rostral (Wnt, Shh, and Fgf). Th, thalamus; PTh, prethalamus; HTh, Hypothalamus; Eth, epithalamus; Tel, Telencephalon; Ptec, pretectum; Mb, midbrain; MDO, mid-diencephalic organizer.](fnins-06-00076-g002){#F2}

Induction and Positioning of the MDO
====================================

Prior to the formation of the anatomical ZLI boundary, the induction of the signaling center MDO in the diencephalon has been proposed to result from the interaction between the anterior (prechordal) and the posterior (epichordal) region of the neural plate. *In ovo* grafting and co-culture experiments in chick have shown that interaction between prechordal and epichordal neural tissues can induce *Shh* expression at their interface (Vieira et al., [@B69]; Guinazu et al., [@B15]). Molecular data obtained from experiments in different organisms may explain those co-culture results in a different way. Therefore, we have put a novel model forward incorporating findings from fish, chick, and mouse (Scholpp and Lumsden, [@B58]).

Firstly, by analyzing the function of transcription factors of the orthodenticle homeobox (Otx) family during regionalization of the neural plate in zebrafish, we found *Otx1* and *Otx2* expression in the primordium of the MDO and thalamus (Scholpp et al., [@B57]). Indeed, down-regulation of Otx1/Otx2 immediately before MDO formation resulted in failure to induce the *organizer*. These findings are consistent with the analysis of *Otx1--/--/Otx2*± double mutant mice, which also lack the MDO (Acampora et al., [@B1]). Since *Otx* genes are widely expressed in the forebrain and midbrain we asked the following questions. Firstly, what mechanism ensures the correct positioning of the MDO in the mid-diencephalon? Secondly, how is the tapering shape of the MDO established with a broad ventral domain and narrowing dorsal domain that coincides with *shh* expression?

Members of the *Fez* family of transcription factors are expressed in the prethalamic anlage from late gastrulation onward and abut the MDO territory (Hashimoto et al., [@B17]; Matsuo-Takasaki et al., [@B34]; Staudt and Houart, [@B64]). Ectopic expression of FezF2 at the MDO in mice as well as its ubiquitous expression in fish leads to a block in organizer formation (Hirata et al., [@B21]; Jeong et al., [@B24]). This suggests that *Fez* is required for setting the anterior border of the organizer by repressing the expression of organizer marker genes such as *shh*. Similarly, Irx1, a member of the transcription factor family of Iroquois genes, positions the posterior border of the MDO (Hirata et al., [@B21]; Scholpp et al., [@B57]). As shown in zebrafish and mouse, *Irx1b* morphant embryos exhibit a posterior expansion of the MDO territory, as the transcriptional repressor is absent. Therefore, we conclude that the organizer of the thalamus is induced within an Otx-positive area that is subsequently refined to a small stripe between prethalamus and thalamus by the repressive function of Fez and Irx. Which mechanism subsequently ensures that the MDO primordium persists between Fez and Irx expression? During early somitogenesis in zebrafish, Wnt3 and Wnt3a are co-expressed in the MDO anlage and have a pivotal role in the induction of the MDO (Mattes et al., [@B35]). Wnt3/Wnt3a deficient embryos lack the MDO primordium and as a result the prethalamic territory abuts the thalamus. However, the size of the thalamus and prethalamus are unchanged arguing against a fate change of the MDO. Indeed, lack of canonical Wnt signaling leads to increased cell death of the MDO, suggesting Wnt3 and Wnt3a act as survival factors for organizer cells in fish (Mattes et al., [@B35]). Furthermore, in embryos deficient for Wnt3/Wnt3a/FezF2 or Wnt3/Wnt3a/Irx1b the MDO is restored. This suggests that the prethalamus as well as the thalamus are competent to form the organizer (Mattes et al., [@B35]). However, expression of Fez or Irx suppresses MDO development in these areas, hence shaping the MDO to a small strip of cells between prethalamus and thalamus. In the next paragraph, we will discuss the function of the MDO during thalamus development.

Wnt/β-Catenin--Signaling, a New Player in Thalamic Development
==============================================================

Wnt signaling is important to set up the initial anterio-posterior pattern of the neuraxis and it also has a more local function later during diencephalic regionalization (Wilson and Houart, [@B74]). Our knowledge of the latter is still fragmented while expression patterns of Wnt ligands, their receptors (Frizzled) and signaling mediators (Lef1, Tcf) in the mid-diencephalon do speak for a function in this location (Quinlan et al., [@B51]). Wnt3a and Wnt8b for example are expressed in the dorsal region of the thalamus and the MDO in mouse, chick, and fish from the precursor stage onward (Salinas and Nusse, [@B54]; Garcia-Lopez et al., [@B13]; Scholpp et al., [@B57]; Figure [2](#F2){ref-type="fig"}A). Furthermore, inhibition of canonical Wnt signaling by Dkk-1 in chick explants transforms the thalamus into prethalamus during the early regionalization phase (Braun et al., [@B8]). It has also been shown that the prethalamus marker Lhx5 can activate the expression of the extracellular Wnt inhibitors Sfrp1a and Sfrp5 in zebrafish embryos (Peng and Westerfield, [@B45]). A significant demonstration of the importance of Wnt signaling in thalamus development is seen in zebrafish lacking Wnt3 and Wnt3a recently (Mattes et al., [@B35]). These embryos fail to develop an MDO. Wnt3/Wnt3a are required to maintain the MDO anlage in early somitogenesis by suppressing apoptosis of the organizer cells. Interestingly, this analysis has further shown that a narrow time window of 4 h of Wnt signaling is sufficient to trigger survival of the MDO cells. Similarly, mice lacking the essential Wnt co-receptor low-density lipoprotein receptor LRP6 fail to develop a normal MDO and thalamus (Zhou et al., [@B77]). These data suggest that canonical Wnt signaling is required for the induction of the MDO and for thalamus development, whereas the development of the prethalamus requires inhibition of canonical Wnt signaling. This hypothesis is supported by the observation that the expression of components of the Wnt signaling machinery as well as Wnt target gene expression are enriched in the thalamus, but absent in the prethalamus of all vertebrates analyzed so far -- from zebrafish to rhesus monkey (Jones and Rubenstein, [@B26]; Shimogori et al., [@B63]; Murray et al., [@B41]; Bluske et al., [@B7]; Quinlan et al., [@B51]; Peukert et al., [@B46]). The question remains, which aspects of canonical Wnt signaling are directly required for the development of the thalamus?

Cell--Cell Adhesion in the Caudal Thalamus
==========================================

Recently, Wnt signaling has been implicated in compartition of the caudal diencephalon. β-Catenin, the key effector of the Wnt pathway was initially discovered for its role in cell adhesion (Huber et al., [@B22]; Bienz, [@B6]). ß-Catenin promotes adhesiveness by binding to the transmembrane, Ca2+-dependent homotypic adhesion molecule cadherin, and links cadherin to the intracellular actin cytoskeleton. Although several classes of molecules are involved in morphogenetic events, cadherins appear to be the major group of adhesion molecules mediating the formation of morphological and functional boundaries in the developing brain (Takeichi, [@B68]). Therefore it seemed reasonable to assume that Wnt signaling in combination with cadherin function regulates cell adhesion in the thalamus. Indeed, in the late developing diencephalon classical cadherins, such as Chd2, Chd6b, Chd7, mark areas of gray matter, which correspond to presumptive brain nuclei (Redies et al., [@B52]). However, these studies are not able to explain segmentation in the caudal forebrain. Recently, we could show that the function of other members of the cadherin superfamily, the non-clustered protocadherins, links compartition in the developing diencephalon to Wnt signaling.

During somitogenesis in zebrafish, a member of this group, *pcdh10b* (formerly known as OL-protocadherin) has been shown to modulate cell adhesion in the paraxial mesoderm and somite segmentation (Murakami et al., [@B40]). However, the expression of *pcdh10b* also marks the alar part of P2, the thalamus, and we could show that canonical Wnt signaling regulates the expression of *pcdh10b* in the developing thalamus of the zebrafish (Figure [3](#F3){ref-type="fig"}A). Stabilization of ß-catenin leads to a broadening of the expression domain of *pcdh10b* whereas inhibition of Wnt signaling blocks *pcdh10b* expression (Peukert et al., [@B46]). Hence, alteration of *pcdh10b* expression in the thalamus leads to an intermingling of thalamic cells with the neighboring brain areas, predominantly with the pretectum in P1. Our data were supported by the fact that *pcdh10b* knock-down or overexpression also lead to a similar intermingling of cells in developing somites (Murakami et al., [@B40]). Interestingly, *pcdh10b* expression is strongest in thalamic progenitors, and non-detectable in mature post-mitotic neurons. Indeed, if progenitors are forced into differentiation by overexpression of Lhx2 we find a down-regulation of *pcdh10b* expression (Peukert et al., [@B46]). Consistently, Lhx2/Lhx9 deficient embryos display a strong expression of *pcdh10b* within the thalamus and in the adjacent brain areas as neuronal differentiation is blocked in these embryos. Thus, Wnt induced Pcdh10b helps to establish the thalamus as a compartment during forebrain development.

![**Timeline of signaling events during thalamus formation in zebrafish embryos**. Colored patterns show areas of influence of the depicted signaling pathways. At 15 hpf Wnt signals from the caudal forebrain are required for the induction of the MDO and for compartition of the thalamus **(A)**. At 24 hpf Shh signaling is required for the onset of neurogenesis by induction of proneural genes **(B)** whereas Fgf signaling influences maturation of GABAergic neurons **(C)**. At 36 hpf, graded Shh signal specifies the territory of the thalamic nuclei **(D)**. At 48hpf, Wnt signaling guides neurogenesis by influencing post-mitotic characteristics of thalamic neurons **(E)**.](fnins-06-00076-g003){#F3}

Similarly, in Gbx2 knock-out mice, thalamus cells start to intermingle with pretectum cells (Chen et al., [@B10]). Interestingly, these authors observe a non-cell autonomous function for this transcription factor and propose a restriction mechanism mediated by an unknown cell adhesion factor. Based on our recent data, we suggest that Gbx2 and Lhx2/Lhx9 are acting in a common pathway. Lack of Gbx2 in mice may lead therefore to a similar phenotype observed for the Lhx2/Lhx9 deficient morphant zebrafish embryos: an alteration of Wnt signaling in the caudal diencephalon which influences the expression of non-clustered Pcdhs and thus compartition.

In other vertebrate models, *Pcdh10* expression has been reported only at later stages in development, in chicken HH28 and in mouse E15 (Hirano et al., [@B20]; Nakao et al., [@B43]), arguing against a comparable role in these model organisms. However, Pcdh10 together with Pcdh8, 12, 17, 18, and 19 belong to the group of structurally related non-clustered δ2 protocadherins and several members show expression during somitogenesis in mice (Kim et al., [@B29]). In contrast to the function of classical cadherins only a few Pcdhs show adhesive activity *in vivo*. This includes *Xenopus* Papc, which is regulated by non-canonical Wnt signaling (Schambony and Wedlich, [@B55]). Other Pcdhs appear to have more varied functions such as homophilic or heterophilic interactions. One possibility is that they may function as regulators of cell--cell adhesion by modulating cadherin adhesiveness. However, there is recent evidence that the intracellular domain of Pcdhs may contribute also to signaling (Kim et al., [@B29]). This role of Pcdh in signaling as well as the role of ß-catenin in cell--cell adhesion within the thalamus should be explored further.

Regionalization of the Thalamic Complex Requires Shh Signaling
==============================================================

Besides canonical Wnt ligands, the best-characterized signals the MDO releases into the thalamic complex are members of the Hedgehog family. Expression of hedgehog proteins has been found in the MDO of all vertebrate model organisms examined, including lamprey (Osorio et al., [@B44]), zebrafish (Barth and Wilson, [@B4]), frog (Ruiz and Altaba, [@B53]), chick (Puelles and Martinez-de-la-Torre, [@B48]), and mouse (Shimamura et al., [@B62]). Furthermore, recent studies in chick (Kiecker and Lumsden, [@B28]; Vieira et al., [@B69]), fish (Scholpp et al., [@B59]), and in mice (Jeong et al., [@B25]) have shown that Shh released from the MDO regulates regionalization and patterning of the thalamus. Loss of Shh signaling results in the loss of genetic fate determinants and of thalamic identity in chick and fish (Hashimoto-Torii et al., [@B18]; Kiecker and Lumsden, [@B28]; Vieira et al., [@B69]; Scholpp et al., [@B59]). In addition, elevated Shh signaling expands thalamic identity in the forebrain: misexpression of Shh induces ectopic expression of thalamic markers such as Ascl1, Neurogenin, Abx2, Olig2, and Olig3 in the pretectum in chick and mouse (Echevarria et al., [@B11]; Vue et al., [@B71]). Thus, Shh is an important external cue that controls the expression of transcription factors within the thalamic complex.

Recent studies in mouse suggested that Shh is also required during regionalization of the thalamus. The thalamus can be subdivided into two different neuronal populations, the rostral thalamus (rTh) which is located close to the MDO and that contains mainly GABAergic inhibitory neurons and the caudal thalamus (cTh) which is located further away from the MDO and that represents the glutamatergic sensory thalamus (Vue et al., [@B70]). The activity of Shh as a morphogen has been linked directly to this differentiation process (Figure [3](#F3){ref-type="fig"}B). Reduction of Shh signaling from the MDO leads to a misspecification of GABAergic interneurons of the rTh and consequently to the loss of its derivative structures such as the ventral geniculate body and intergeniculate leaflet (Vue et al., [@B71]; Jeong et al., [@B25]). Thus, high concentrations of Shh are required for the formation of the rTh and low concentrations are required for the development of the cTh. These findings can be translated into a Gli transcription factor dependent activation of target genes: Activation of Gli1 leads to the induction of target genes of the rTh such as Sox14 and electroporation of Gli2 has been shown to activate cTh-markers such as Gbx2 in chick embryos (Hashimoto-Torii et al., [@B18]).

One pitfall of the thalamic morphogen gradient hypothesis is that concentration differences of only one morphogen within a field of cells fails to establish sharp borders between cell populations (Meinhardt, [@B36]). Which mechanism then is sharpening the border between the GABAergic rTh and the glutamatergic cTh? The hairy/enhancer of split genes E(spl) may play an important role in neurogenesis and glia formation (Chapouton et al., [@B9]). We recently found that one of these bHLH proteins, the hairy-like factor 6 (Her6) in fish -- the ortholog of Hes1 in mouse -- regulates neuronal identities by determining expression of different proneural genes in the thalamus (Scholpp et al., [@B56]). Its expression is specifically maintained in the rTh, whereas in the cTh it is down regulated prior to induction of proneural genes. Therefore, Her6 is a good candidate for the establishment of a sharp border between these thalamic territories. Indeed, Ascl1 is induced by Shh signaling from the MDO in the Her6 positive domains of the rTh, whereas in the Her6 negative cTh, Shh induces the expression of the proneural gene, neurogenin1. This expression code of proneural genes translates subsequently into the formation of GABAergic inhibitory neurons from the Ascl1 positive precursors in the rTh. The Neurogenin1 positive cells will differentiate into glutamatergic relay neurons of the cTh. Interestingly, in the mouse retina it has been shown that Shh signaling stabilizes ßHLH factors (Wall et al., [@B72]), suggesting a positive maintenance mechanism for the formation of Her6 positive, GABAergic cells close to the Shh source.

In the following chapter, we will discuss the important role of Fgf signaling in formation of the rTh parallel to the Shh gradient and the ßHLH Her6 dependent refinement mechanism.

Fgf Signaling in Thalamic Development
=====================================

Fgfs signaling is well known for its important roles during development of the central nervous system (Hebert, [@B19]) and, in addition to Shh and Wnt, has been implicated in the regulation of diencephalic development. Among the over 20 Fgf ligands, Fgf3, Fgf8 and the paralog genes Fgf15 and Fgf19 may play pivotal roles in this process. Early blockage of Fgf3 and Fgf8 mediated signaling for example leads to an alteration in prosencephalon patterning, including the absence of the prethalamic territory (Walshe and Mason, [@B73]). Later in development, Fgf15 and Fgf19 are expressed in the thalamus and prethalamus of mouse, chick, and fish (Ishibashi and McMahon, [@B23]; Miyake et al., [@B37]; Gimeno and Martinez, [@B14]). Their expression in the thalamus depends on long-range Shh signaling from the organizer. In fish, blockage of Fgf19 leads to a down-regulation of GABAergic inhibitory neurons in the prethalamus (Miyake et al., [@B37]). Likewise, electroporation of a truncated version of the Fgf-receptor-3 in the mouse thalamus leads to a lack of *Ascl1* positive GABAergic neurons of the rTh (Figure [3](#F3){ref-type="fig"}C; Kataoka and Shimogori, [@B27]). Consistently, increased Fgf activity leads to a broadening of the rTh area and a caudal shift of sensory nuclei in the cTh (Kataoka and Shimogori, [@B27]). This suggests that Fgf signaling is required for the development of GABAergic neurons in the prethalamus and in the rTh, most likely downstream of Shh. In parallel to its function in inducing GABAergic neurons in the thalamic complex, Fgf signaling seems to have also an influence on the development of glutamatergic neurons in the cTh. Analysis of Fgf8 hypomorphic mice revealed a reduction of *Gbx2* expression in the thalamic neuroepithelium of the cTh (Martinez-Ferre and Martinez, [@B33]). The question remains about which Fgf ligand is required during the development of the thalamus? Fgf8 expression is found predominantly in the dorsal part of the diencephalon, in the most dorsal tip of the MDO and in the epithalamus, whereas Fgf15 and Fgf19 are expressed only in the ventral prethalamus. Therefore, Fgf8 supposedly exerts its function in the dorsal part whereas Fgf15 and Fgf19 influence rather the ventral area of the thalamus. However, the individual molecular mechanism of their local activity during diencephalic patterning still needs to be analyzed in detail. One may consider two experimental caveats for future analysis. Overexpression-based analyses may provide only insufficient answers as Fgf ligands tend to bind unspecifically to a number of Fgf receptors if the tissue is overloaded with the signaling molecule. Furthermore, timing of the experimental intervention as well as of the read-out is of great importance as Fgf signaling plays influential roles also during early phases of neural development. Another question for the future would be how Fgf signaling interacts with the other signaling pathways in order to pattern the nascent thalamus correctly? A first line of experiments in mice suggests that Fgf signaling may induce the expression of Wnt3a, whereas Shh expression in the MDO was not modified upon alteration in Fgf signaling (Kataoka and Shimogori, [@B27]; Martinez-Ferre and Martinez, [@B33]).

Late Developmental Phase -- Lhx2/Lhx9 Mediated Neurogenesis
===========================================================

As described above one consequence of the three external cues is the induction of certain transcription factors in the thalamus. For example, lack of Shh expression at the organizer leads to the absence of Neurog and Gbx2 in the thalamus in chick as well as zebrafish (Hashimoto-Torii et al., [@B18]; Kiecker and Lumsden, [@B28]; Vieira et al., [@B69]; Scholpp et al., [@B59]) and there is evidence that Fgf signaling may act upstream of Lhx2 in fish (Seth et al., [@B61]). Although there are many more transcription factors specifically expressed in the thalamus (Suzuki-Hirano et al., [@B65]), only a few have been functionally characterized, such as Gbx2, Neurog, Lhx2, Lhx9, and Lef1. Gbx2 knock-out mice lack the thalamus-specific post-mitotic neuronal markers *Id4* and *Lef1*, and subsequently lack cortical innervations by thalamic axons (Miyashita-Lin et al., [@B38]). Furthermore, Gbx2 mediated differentiation is required for compartition of the caudal forebrain in mouse (Chen et al., [@B10]). Together with Shh, Gbx2 is important for the establishment of the thalamic nuclei in mouse (Figure [3](#F3){ref-type="fig"}D; Szabo et al., [@B66]; Vue et al., [@B71]). Although Neurog2 knock-out mice show a similarly severe failure in neuronal connectivity to the cortex, the expression of *Lhx2*, *Id2*, and *Gbx2* is unchanged in these animals, suggesting that in the absence of *Neurog2* thalamic neurons are not re-specified at the molecular level (Seibt et al., [@B60]). Recently, the highly conserved apterous group proteins, Lhx2 and Lhx9, have been implicated in forebrain development. Lhx2 is required in mouse for the maintenance of cortical identity and to confine the cortical hem, allowing proper hippocampus formation in the adjacent pallium (Potter et al., [@B47]; Mangale et al., [@B32]). The Apterous transcripts are present in the nervous system of the cephalochordate *Amphioxus*, i.e., AmphiLhx2/9 (Takatori et al., [@B67]), and co-expression of *Lhx2* and *Lhx9* has been documented in the diencephalon of vertebrates, such as zebrafish (Ando et al., [@B2]), *Xenopus* (Bachy et al., [@B3]; Moreno et al., [@B39]), and mouse (Nakagawa and O'Leary, [@B42]). Thus, although recent studies of Lhx2-mutant mice showed no alteration during thalamic neuronal regionalization (Lakhina et al., [@B30]), co-expression of Lhx9 may compensate. Furthermore, although the function of Lhx9 has not been described, its expression pattern suggests a role during forebrain development (Nakagawa and O'Leary, [@B42]). We could indeed show now that in fish Lhx2 is functionally redundant to Lhx9 and that they regulate thalamic development. Single knock-down of Lhx2 or Lhx9 has no diencephalic phenotype but their simultaneous knock-down leads to stalling of thalamic neurogenesis at the late progenitor stage (Peukert et al., [@B46]). In the thalamus, Lhx2/Lhx9 may regulate genes that are essential to complete neuronal development, such that *Lhx2/Lhx9* deficient neurons do not reach the terminal neuronal stage. Similar to the *Gbx2*-/- knock-out mouse (Miyashita-Lin et al., [@B38]), we find that the expression of *deltaA, neurog1*, and *pcdh10b* is increased in lhx2/lhx9 morphant zebrafish embryos (Peukert et al., [@B46]). During neuronal development in fish, neurog1 has been shown to activate *delta* genes directly by binding several E-box elements in the *delta* promoter region (Hans et al., [@B16]). This suggests that in lhx2/lhx9 morphant embryos, neuronal progenitor development is arrested at the level of *deltaA*/*neurog1* expression. Consequently, terminal thalamic neuronal markers such as Id2a and Lef1 are absent in Lhx2/Lhx9 morphant embryos. Thus, we propose that Lhx2/Lhx9 are essential determinants for neurons to reach the late stage of thalamic development. Interestingly, in the spinal cord Lim HD factors together with ßHLH factors have been shown to be required for cell cycle exit in mouse (Lee and Pfaff, [@B31]). The Lim containing factor Isl-1 and Lhx3 together with the ßHLH factors Neurog2 and NeuroM act in a combinatorial manner to direct motor neuron differentiation. In the thalamus, we find a similar process: Lhx2/Lhx9 activate the expression of post-mitotic differentiation markers such as *id2a*, *lef1*, and *elavl3*.

Wnt Signaling and Neurogenesis
==============================

Evidence is accumulating that Wnt signaling plays an important role in the regulation of thalamic neurogenesis also at later stages. Analysis of a Wnt-reporter and also mosaic loss-of-function studies for β-catenin indicate strong activity of Wnt signaling in the ventricular zone of the neural tube (Freese et al., [@B12]). Similarly, *pcdh10b*, a novel Wnt target gene, is expressed in the ventricular zone of the thalamus (Peukert et al., [@B46]). Furthermore, differentiating neurons are characterized by the expression of members of the DNA-binding protein inhibitor genes (Id) as well as Lef1 (Jones and Rubenstein, [@B26]) and these markers are activated by Wnt signaling in the thalamus (Figure [3](#F3){ref-type="fig"}E; Peukert et al., [@B46]). However, the expression of these markers is most prominent in the subventricular zone as well as in the mantle zone. This suggests that Wnt signaling together with Lhx2/Lhx9 has a role in turning mitotically active neuronal precursors into mature post-mitotic neurons in the thalamus. Consistently, mice mutant for the Wnt co-receptor Lrp6 have a defective expression of thalamic neuronal markers such as Lef1 (Zhou et al., [@B77]). Interestingly, we observed an upregulation of Wnt activity in the *lhx2/lhx9* morphant embryos and consistently an upregulated expression of the Wnt target gene *axin2* as well as the novel target *pcdh10b* in the ventricular zone of the thalamic neuroepithelium. However, further Wnt target genes, i.e., Lef1 are down regulated in the morphant embryos. This suggests that thalamic neuronal differentiation is coupled to a second competence phase for Wnt signaling in the mantle zone (Peukert et al., [@B46]). Also, the late and restricted onset of *lhx2/lhx9* expression in the thalamus and their requirement for *id2a* and *lef1* expression may explain the thalamic neuronal specificity of the Wnt target *lef1*. A consequence of Lef1 activity is the regulation of the expression of the Ca2+-channel Cav3.1 in mouse (Wisniewska et al., [@B75]). Therefore, we suggested that the second phase of Wnt signaling is required -- via the activation of Lef1 -- to reach the late stage of thalamic neuronal development and to determine the electrophysiological properties of thalamic neurons.

Summary
=======

Light has now been shed on the formation and function of the newly characterized MDO. Here, we summarized how the action of three different signaling pathways coordinates thalamic development through the MDO. Members of the three protein families, Wnt, Shh, and Fgf, are actively signaling in the mid-diencephalon and have different functions during development of the thalamic complex (Table [1](#T1){ref-type="table"}). They regulate the compartition of the thalamus, drive neurogenesis, influence the neurotransmitter fate of thalamic neurons, and determine the electrophysiological characteristics of thalamic neurons. Considering the multifunctionality of these signaling pathways themselves and the expression of a cohort of further ligands of these pathways at the MDO, further research is needed into their possible function during thalamic development. In parallel, we still need to investigate how these signaling pathways influence each other. However, it has become clear that all three brothers together are needed to build the flourishing house of the thalamus, "*le petite maison*" of the brain.

###### 

**Summary of functions of the three signaling pathways during thalamus development with related animal models in chronological order of publication**.

        Function                                                                                                      Model organism   Reference
  ----- ------------------------------------------------------------------------------------------------------------- ---------------- ------------------------------------------------------
  Wnt   Wnt signaling is important for patterning in the thalamic complex                                             Chicken          Braun et al. ([@B8])
        Fate map of the Wnt8b positive MDO                                                                            Chicken          Garcia-Lopez et al. ([@B13])
        Mutation in the Wnt co-receptor Lrp6 leads to loss of the thalamus                                            Mouse            Zhou et al. ([@B77])
        Collection of expression patterns of members of the Wnt signaling pathway                                     Chicken          Quinlan et al. ([@B51])
        Compartition in the caudal forebrain requires the Wnt-dependent induction of the adhesion modulator Pcdhl0b   Zebrafish        Peukert et al. ([@B46])
        Wnt3 and Wnt3a are required for the induction and survival of the MDO                                         Zebrafish        Mattes et al. ([@B35])
  Shh   Shh marks the MDO at the prechordal/epichordal neural plate boundary                                          Mouse            Shimamura et al. ([@B62])
        The Shh positive ZLI is a compartment in the caudal forebrain                                                 Chicken          Zeltser et al. ([@B76])
        Shh acts as a morphogen in thalamus regionalization                                                           Chicken          Hashimoto-Torii et al. ([@B18])
        Shh is the principal organizing signal of the MDO                                                             Chicken          Kiecker and Lumsden ([@B28]), Vieira et al. ([@B69])
        Shh-a and Shh-b orchestrate thalamus regionalization                                                          Zebrafish        Scholpp et al. ([@B59])
        Shh influences the neural progenitor domains in the thalamus                                                  Mouse            Vue et al. ([@B70])
        Shh is important for the differentiation of the medial and intralaminar thalamic nuclei                       Mouse            Szabo et al. ([@B66])
        Her6 specifies the mode of Shh action in the rostral and caudal thalamus                                      Zebrafish        Scholpp et al. ([@B56])
        Shh signaling from the MDO and basal plate is important for the formation of the rostral thalamus             Mouse            Jeong et al. ([@B25])
  Fgf   Maintenance of the rostral inhibitory thalamus is Fgf dependent                                               Mouse            Kataoka and Shimogori ([@B27])
        Fgf regulates Wnt3a expression in the MDO and influences thalamus maturation                                  Chicken          Martinez-Ferre and Martinez ([@B33])
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